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During the course of the evolution 
of endosymbiotic organelles, 
mitochondria and plastids, 
numerous genes were transferred 
from ancestral organelles and 
other bacteria to the host genome. 
This process required, firstly, 
incorporating DNA fragments 
encoding intact genes into the 
host genome, secondly, acquiring 
the expression signals such 
as eukaryotic promoters and 
regulatory elements that enable 
their transcription in eukaryotic 
hosts, and thirdly, in many cases, 
evolving a dedicated targeting 
system to transport and import 
their protein products into the 
endosymbiotic organelles [1]. The 
advent of this protein-targeting 
machinery is commonly assumed to 
be the most crucial step, at which 
point an endosymbiont becomes an 
organelle [2,3]. Bacterial lineages 
have repeatedly evolved intimate 
symbioses with eukaryotic hosts, 
but the establishment of the protein 
translocation system has been 
shown only in the cases of bona fide 
organelles and the photosynthetic 
symbiosis in a cercozoan amoeba 
[3]. Here, we report that an aphid 
gene that was horizontally acquired 
from a bacterium produces protein, 
which is transported to an obligate 
intracellular bacterial symbiont. To 
our knowledge, this is the first report 
of integration between multicellular 
eukaryotes and bacteria to the extent 
of ‘organellogenesis’. 
With the rapid accumulation of 
genomic data, horizontally acquired 
bacterial sequences are increasingly 
identified in animal genomes 
[4,5]. Such sequences have the 
potential to influence the evolution 
of animals, but little is known about their evolutionary roles in symbiotic 
relationships between animals and 
organelle-like bacterial symbionts. 
Our previous studies revealed 
that the pea aphid Acyrthosiphon 
pisum has acquired twelve genes/
gene fragments from bacteria via 
horizontal gene transfer. These 
include seven genes (LdcA1, AmiD, 
RlpA1–5) that are highly transcribed 
in the bacteriocyte, a specialized cel
that harbors the obligate nutritional 
mutualist Buchnera aphidicola 
(Gammaproteobacteria) [6–8]. Owing
to a drastic reduction of the genome
(650 kb) during co-evolution with 
the host insect for more than 100 
million years, Buchnera lacks many 
genes, including orthologs of these 
seven sequences [9]. Thus, these 
bacterial genes that are encoded in 
the aphid genome may be essential 
for the survival of Buchnera, 
compensating for their absence in 
Buchnera itself. The cell-specific 
transcription pattern of these genes 
indicates that they have acquired 
eukaryotic promoters and regulatory
elements that enable transcription, 
but their expression has not been 
confirmed at the protein level. As 
a first step to determine whether 
proteins are truly synthesized from 
these genes and whether such 
protein products are translocated, 
we prepared an affinity-purified 
anti-RlpA4 (Figure 1A) antibody, and 
performed immunoblot analyses 
and immunomicroscopy. The RlpA4 
orthologs are found in several aphid 
species besides numerous bacterial 
lineages [7,8], but their function is 
largely unknown.
Immunoblot analyses with the 
anti-RlpA4 antibody detected only 
a single band at the expected size 
of the mature RlpA4 protein (21.2 
kDa) for the maternal bacteriocyte, 
whereas no detectable signals were 
observed in the midgut, head, or 
embryos that contain embryonic 
bacteriocytes (Figure 1B). This 
result indicates that the RlpA4 
protein is specifically synthesized 
in the maternal bacteriocyte. 
Immunofluorescence microscopy 
with the anti-RlpA4 antibody further 
verified the specific localization of 
RlpA4 in the maternal bacteriocyte 
(Figure 1C). Significant signals were 
invariably detected in all of the 
maternal bacteriocytes in all of the 
individuals analyzed, suggesting an 
important role for RlpA4. Moreover, l 
 
 
 
immunofluorescence observation at 
higher magnification (Figure 1D)  
showed the localization of this 
protein within Buchnera cells in the 
maternal bacteriocyte. No significant 
signals were detected in the nucleus 
or cytoplasm of the bacteriocyte. 
Confocal imaging showed signals 
mainly in the cytoplasm of the 
Buchnera cell (Figure 1E, and Movie 
S1 in Supplemental Information, 
published with this article online). 
Immunoelectron microscopy 
confirmed this trend, although a few 
gold particles were also observed 
around the Buchnera envelope 
that consists of inner and outer 
membranes and is surrounded 
by a host-derived symbiosomal 
membrane (Figure 1F). These 
results demonstrate that the protein 
is synthesized specifically in the 
maternal bacteriocyte, which is then 
targeted to the Buchnera cells using 
an unidentified, but probably newly 
evolved, translocation system.
Although the functional role 
of the aphid RlpA4 is yet to be 
determined, it is notable that 
significant immunochemical 
signals were detected in the 
maternal bacteriocytes but not 
in embryonic bacteriocytes that 
also harbor a number of Buchnera 
cells (Figure 1B,C). This implies 
that the function of this protein 
is essential only for Buchnera in 
maternal bacteriocytes; its role 
could be related to the process of 
vertical transmission from maternal 
bacteriocytes to the embryos or 
the maintenance of relatively static 
and senescent Buchnera cells in 
maternal bacteriocytes. The aphid 
RlpA4 has a canonical eukaryotic 
signal peptide at the amino terminus 
(Figure 1A) [7,8], suggesting that 
newly synthesized protein is 
destined for the secretory pathway. 
This is consistent with the fact that 
Buchnera cells are housed within 
vesicles called symbiosomes, which 
consist of host-derived membranes. 
As the inner symbiosomal space 
is topologically equivalent to the 
external space of the plasma 
membrane, the signal peptide of 
RlpA4 should be capable of leading 
the protein to the symbiosome. 
However, how the protein is targeted 
specifically to symbiosomes and 
not to the external environment is 
uncertain. Furthermore, how the 
protein is transported to Buchnera 
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Figure 1. The aphid-encoded bacterial gene RlpA4 is specifically expressed in the materna
bacteriocyte, and the protein product is localized in Buchnera.
(A) Domain structure of the aphid RlpA4 protein. SP, signal peptide; ICK, inhibitor cysteine-
knot motif; DPBB, double-ψ -barrel domain. The RlpA protein localizes to the septal ring in
Escherichia coli, but the aphid RlpA4 lacks the peptidoglycan-binding SPOR domain, which
is responsible for this localization. (B) Detection of RlpA4 protein using immunoblot analysis
with the anti-RlpA4 antibody. Ten micrograms of total protein from body parts were subjected
to the analysis. B, maternal bacteriocyte; G, midgut; H, head; E, embryo. Note that no signifi-
cant signal is detected in embryos that contain embryonic bacteriocytes. (C–E) Immunofluo-
rescence localization of RlpA4 with Alexa Fluor 488 (green signal). DNA is stained with DAPI
(blue). (C) Localization of RlpA4 in the aphid body as observed with fluorescence microscopy.
mb, maternal bacteriocyte; e, embryo; eb, embryonic bacteriocyte. Note that a significant sig-
nal is detected only in maternal bacteriocytes, not in embryonic bacteriocytes. The scale bar
represents 200 µm. (D) Localization of RlpA4 in the maternal bacteriocyte as observed with
fluorescence microscopy. n, nucleus; b, Buchnera. The scale bar represents 20 µm. (E) Local-
ization of RlpA4 in the Buchnera cell as observed with confocal laser microscopy. The dashed
line indicates the cell boundary of Buchnera. The scale bar represents 1 µm. See also Movie
S1. (F) Localization of RlpA4 in the Buchnera cell as observed with immunoelectron microsco-
py using the immunogold-labeling method. Arrows highlight some of the 5-nm gold particles.
Arrowheads indicate the cell envelope of Buchnera. The scale bar represents 100 nm. (G) The
horizontally acquired RlpA4 gene achieved a status that rivals that of nuclear-encoded or-
ganelle genes. Owing to the evolution of a transport system, product proteins are targeted
specifically to the endosymbionts.cells after entering the symbiosome 
is unclear. 
The aphid RlpA4 gene appears to 
be derived from a bacterium other 
than Buchnera [7]. This is analogous 
to the fact that a significant fraction of 
early horizontal gene transfer events 
associated with the establishment of 
endosymbiotic organelles originated in bacterial lineages other than the 
progenitors of mitochondria and 
plastids [10].
In conclusion, we showed that, 
firstly, protein is truly synthesized 
from RlpA4, one of the bacterial 
genes encoded in the aphid genome; 
secondly, the RlpA4 protein is 
synthesized specifically in maternal bacteriocytes; and, thirdly, the 
synthesized RlpA4 protein is localized 
in Buchnera cells. These results 
demonstrate that the bacterial 
RlpA4 gene has acquired a status 
that rivals that of nuclear-encoded 
organelle genes, probably along with 
the evolution of transport machinery 
that targets product proteins to the 
endosymbiont (Figure 1G).
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